To achieve multimegabar pressures in the diamond anvil cell, small diamond tips, 20 m ͑or less͒ in diameter and high strength gasket materials are required. To prevent plastic instability it is therefore necessary to drill sample holes with diameters of 10 m ͑or less͒ in extremely strong and tough materials such as tungsten. The present paper describes a technique for drilling such holes using focused ion beams. The superior roundness and surface finish of these holes is one of the reasons our group was able to reach pressures of 342 GPa on hydrogen, significantly higher than that reached by other researchers.
INTRODUCTION TO DIAMOND CELL AND GASKET NEEDS
The invention of the diamond anvil cell 1 and subsequent improvements have revolutionized high pressure research. 2 Among these improvements was the introduction of a metal gasket 3 ͑a thin sheet of metal͒ which fits between the diamonds. A schematic of the diamond anvil cell with gasketing metal sheet is shown in Fig. 1 . A hole may be drilled directly in this sheet, or the sheet may be squeezed between the two diamonds to preindent and then a hole is drilled at the center of the indentation. The hole serves as the sample container and the cell can be loaded with solid powder, with liquid or even with gas. 4 A critical invention which boosted the pressure was the use of beveled diamonds. 5 Another important improvement was micro-miniaturization where the tip flat diameter was only 21 m in diameter and the sample hole was 10 m in diameter. 6 This made it possible to reach pressures in the neighborhood of 400-550 GPa, 7 greatly exceeding the estimated pressure of about 361 GPa at the center of the earth's core.
The reason why a very thin gasket is capable of containing such pressure has been described elsewhere. 8 The critical requirement is that the gasket should have a very high yield strength and also must flow plastically ͑with reasonable ductility͒. Steel, 6 rhenium 9 and tungsten 10 qualify as gasket material and have been extensively used, among others. That high pressure itself greatly increases the yield strength, [10] [11] [12] an effect well known for a long time, which turns out to be advantageous for pressure generation with the diamond cell.
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While the micro-miniaturization made much higher pressure attainable, it was also a challenge for the experimentalist to drill tiny holes in the gasket. Previously, 10 m holes 5 were drilled with carbide blade drills, in a special drill press with diamond bearings. 13 This method was unsuitable with rhenium and tungsten as gasket material, since they readily blunt the drill, making it harder to fashion out round holes free from burrs. Moreover, centering is critical, in all cases, and with expensive gasket material that is difficult to machine, wastage should be minimal. With hydrogen, despite the fact that it turns into a solid above 5.4 GPa at room temperature ͑RT͒, additional problems arise because it is highly compressible compared to the gasket material, such as tungsten. Consequently, the hole diameter changes greatly. Furthermore, hydrogen has a very low yield strength and provides no resistance to lateral motion in the sample region. This can cause mechanical instabilities for the following reasons:
͑1͒ Initial sample hole too large, ͑2͒ initial sample hole not round, ͑3͒ initial sample hole not smooth ͑burrs͒, ͑4͒ initial sample hole off-center, ͑5͒ diamonds tilted, ͑6͒ piston wobbles. Only the first case will be discussed in any detail here, but all are crucial factors. Figure 2 shows the calculated pressure profiles ͑see the legend͒ in which the initial hole diameter equals the diameter of the flat. 14 The hydrogen is first clamped in the cell at 0.2 GPa, and then pressurized further. The compressive stress in the direction normal to the tip is shown in Fig. 2 . As pressure builds up the sample diameter decreases. This decrease slows down with further increase in loading and eventually reverses. At a pressure of 173 GPa, the diameter of the hole is greater than the original diameter. At this point, H 2 is moving into the region beyond the tip, into the decreasing pressure gradient. This mechanical instability sets an upper limit on the pressure and this has been noted by others in the field. Further loading squeezes all the hydrogen from the tip region. The same analysis ͑see Fig. 3͒ shows that if the initial hole diameter is one half of the flat diameter, this instability will not occur until 600 GPa ͑as-suming some other failure mode does not occur earlier͒. Thus the hole size seems to be very important for reaching the highest pressures. Clearly, smaller, well-rounded, smooth, and accurately centered holes with no burrs are needed. This motivated us to try focused ion beam etching. It should be noted here that the gasket hole made using this 10 pressures much higher than had previously been attained.
INTRODUCTION TO THE USE OF FOCUSED ION BEAMS TO MACHINE GASKETS
Because of the practical difficulties in drilling 10 micrometer holes in refractory materials by conventional means, we used a focused ion beam ͑FIB͒ system to micromachine the holes by sputtering with a high resolution Ga ion beam. A 30 keV Ga ion beam was programmed to move in a spiral path with a step size of approximately 0.2 micrometers. This was approximately one half of the nominal ion beam diameter, when a current of 6 nA was used. The outer diameter of the spiral was set to the desired hole diameter. The sputter yield of W under these conditions 1 is 0.12 m 3 /nC implying that the total charge required to sputter a 10 m hole through a 10 m thick gasket would be radius reaches ϳ5 nm the electric field is high enough to cause field evaporation followed by ionization. The result is a point-like ion source with a brightness ␤ϳ10 5 A cm Ϫ2 sr Ϫ1 and an angular intensity IЈϳ10 Ϫ5 A sr Ϫ1 . Since the source is so small ͑the apparent source size is ϳ50 nm when space charge effects in the ion beam are taken into account͒ it can be focused to a very small size on a target, using relatively simple optics ͑two electrostatic lenses, for example͒. Typical characteristics of a focused beam are small size: 10-500 nm and high current density: 1-10 A cm Ϫ2 . When a focused beam is scanned in a raster pattern it can generate images similar to those made with a scanning electron microscope ͑SEM͒, except that they usually have much higher contrast. The major difference between SEM and FIB is that the ion beam constantly sputters the target surface. This destructive aspect of the beam can be used to make a micromilling machine, with a tool bit the size of the beam. The FIB can be used for both micromachining as well as for scanning ion microscopy.
METHOD USED TO MICROMACHINE W GASKETS
It is straightforward to program the FIB to raster over any desired pattern and to mill or machine that shape into a surface. In our case we programmed the FIB to generate circular patterns that were then milled through the gasket material. The only difficult part of the operation was ensuring that the milled holes were centered in the gasket with a precision of 1 m. The method for doing this is described below.
After the gaskets were indented they were examined by SEM and the precise location of the center of the indentation was determined from micrographs. Two or three small carbon deposits were then placed near the center using the electron beam. A subsequent micrograph was then made and the exact center was marked on it so that the center could be located relative to the carbon deposit. See Fig. 6 . When the gasket was placed in the FIB system it was examined with a very low current ͑4 pA͒ ion beam at high resolution ͑20 nm͒ to locate the center of the indentation. Prior to this examination the FIB system was carefully aligned so that when it was used at different currents ͑4 pA, 350 pA and 6 nA͒ the scan fields overlapped to within approximately 1 m.
When the indentation center had been located with the 4 pA ion beam, the FIB magnification was adjusted such that the indented area filled almost the whole field of view. A single scan was then taken with a beam current of 350 pA. Since the field of view was approximately 15 m square, the thickness of material removed in this scan, assuming a sputtering rate of 0.12 m 3 and a scan time of approximately 3 s, was ϳ0.5 nm. The micromachining software of the FIB was then used to place a series of crosses on the gasket, one on the center of the gasket as determined from the SEM micrograph and four others on the sloping edge of the gasket some 20 m or so removed from the center of the indentation ͑away from the bottom flat of the indentation͒. The latter four crosses were later used to judge the accuracy of the hole placement; an example using them may be seen in Fig. 4 . These four crosses outside the bottom of the indentation were micromachined to a depth of about 1 m. The central cross was machined to a depth of 3-5 m.
When the center of the indentation had been marked with a machined cross, a circular pattern of correct size was recalled from the computer memory and, using the 4 pA beam, was centered on the central cross. The current was then increased to 6 nA in the circular pattern and a hole was micromachined through the gasket.
Gaskets with holes drilled by this technique were used by us to achieve a pressure on hydrogen of 342 GPa, substantially higher than the pressure reached by others. 10 This technique could be used to drill 5 m sample holes, making possible the use of smaller tips to attain higher pressures. 
